Hydroxyapatite (HAp) is the main mineral component of bone and is used as a raw material for artificial bones and teeth, and as an adsorbent in liquid chromatography, among its other uses. As a result of its anisotropic crystal structure, HAp shows adsorption behavior that depends on the crystal plane. However, the differences between the a-plane and the c-plane of the HAp crystal in terms of their bioactivity, cellpropagation behavior, etc., have not yet been fully clarified. In this study, we fabricated highly crystallographically aligned samples of HAp by using a 10-T magnetic field, and we studied the effects of the specific crystal plane of HAp on its bioactivity by immersing the samples in a simulated body fluid.
Introduction
Hydroxyapatite is one of the main components of the bones and teeth of vertebrates, and is a promising biomaterial that has been used in artificial bones and teeth because of its excellent biocompatibility. 1) As a result of its hexagonal crystallographic structure, hydroxyapatite displays anisotropy in its physical and chemical properties. For example, the a-plane of hydroxyapatite shows good chemical affinity with carboxyl groups, whereas its c-plane has a good chemical affinity with amino groups. 2, 3) The a-plane of hydroxyapatite is chemically bonded with the side chain of collagen in bone: as a result of this arrangement, the c-axis of hydroxyapatite is parallel to the longitudinal axis of the collagen fibril, which is also parallel to the direction of maximum stress. 4) For this reason, several investigations have been made on the effects of differences between the a-plane and c-plane of hydroxyapatite crystals on bioactivity. For example, a-plane of the hydroxyapatite is more chemically reactive with saliva than is its c-plane.
5) The epitaxial crystal-growth relationship between single crystals of 4-hydroxy-L-praline and hydroxyapatite has been examined. 6, 7) However, the differences in the effects of the various hydroxyapatite planes on biocompatibility have yet to be clarified.
A magnetic field is a useful tool for alignment of crystals. Crystallographically aligned hydroxyapatite ceramics have been formed by using strong magnetic fields, 8, 9) and the alignment time of a hydroxyapatite particle has been derived theoretically as a function of the operating parameters. 10) We formed samples of hydroxyapatite with specific crystal planes by using a magnetic field with and without rotation of the containing vessel, and we examined the differences between the bioactivities of specific crystal planes of hydroxyapatite by means of an in vitro experiment.
Preparation of Crystallographically Aligned Samples
A magnetic field was used to form crystallographically aligned samples. For alignment of magnetically anisotropic particles, the difference in energy resulting from anisotropy in magnetic susceptibility should be larger than that due to thermal fluctuation. The ratio of particles orienting in the magnetically stable direction increases as the energy difference due to magnetization increases relative to that due to thermal fluctuation. When the magnetization energy is about a hundred times the thermal fluctuation, most of the particles will be aligned.
11)
where Á is the difference in magnetic susceptibility between the magnetically more susceptible and less susceptible crystal axes, 0 is the magnetic permeability in a vacuum, H is the intensity of the imposed magnetic field, r is the radius of the spherical particle, k B is the Boltzmann constant, and T is the absolute temperature. Then the minimum particle diameter for magnetic alignment is calculated by assuming that the magnetic flux density ( 0 H) is 10 T, the temperature is 300 K, and the magnetization energy difference is one hundred times larger than the thermal fluctuation. The magnetic susceptibility difference adopted in the calculation is between 10 À5 and 10 À8 , because the magnetic susceptibility difference for a nonmagnetic material is usually in the range 10 À5 to 10 À7 and aggregation of the particles reduces the difference in effective magnetic susceptibility. The calculated results are shown in Table 1 . A 10 T magnetic field is therefore sufficiently strong to permit the magnetic alignment of submicron-sized particles at room temperature. We therefore imposed a vertical static magnetic * 1 Graduate Student, Nagoya University, Present address: TOHO GAS, Nagoya 456-8511, Japan * 2 Graduate Student, Nagoya University, Present address: Institute for Molecular Science, Okazaki 444-8585, Japan flux density of 10 T during slip casting of hydroxyapatite at room temperature to produce a-plane-aligned samples, as shown in Fig. 1(a) , although the magnetic susceptibility difference for hydroxyapatite is not known. The magnetically stable condition for hexagonal crystals with anisotropic magnetic susceptibilities of c < a in a magnetic field is shown in Fig. 2 . That is, the c-plane of the crystals lies parallel to the direction of the magnetic field. When the crystals are formed, the plane perpendicular to the magnetic field direction consists of the a-plane, whereas the plane parallel to the magnetic field direction consists of the aplane and c-plane. Therefore, c-plane-aligned samples of such materials cannot be formed simply by imposing a static magnetic field, whereas a-plane-aligned samples can be formed. Experimental results of previous studies 8, 9) have shown that hydroxyapatite is such a material.
The c-plane alignment of these materials is possible by rotating the vessel containing the particles in a static magnetic field. This method was adopted during slip casting to produce c-plane-aligned samples, as shown in Fig. 1(b) . The following condition is enough to achieve the c-plane alignment.
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where ! is the angular velocity and is the viscosity of the fluid surrounding the spherical particle. The critical angular velocity for crystal alignment is calculated for various differences in magnetic susceptibility with the assumption that the viscosity is 1 mPaÁs and the magnetic flux density is 10 T. The results are shown in Table 2 . The maximum angular velocity for crystal alignment is 66 rad/s if the difference in magnetic susceptibility is 10 À8 . Therefore, the angular velocity of 0.31 rad/s and the magnetic flux density of 10 T that we adopted in our experiment are sufficient to achieve c-plane alignment of the hydroxyapatite crystals.
A nonaligned sample was prepared by slip casting without a magnetic field and without rotation of the vessel, as shown in Fig. 1(c) .
Hydroxyapatite particles (Taihei Chemical Co. HAP-200) with a mean diameter of a few hundred nanometers and distilled water were mixed with a dispersant, and the mixture was mechanically ground in a mortar for 4 hour. The slurry was then poured into a gypsum crucible, and set in the bore of a super conducting magnet for slip casting with or without sample rotation. After slip casting, the samples were dried in air for one day in the absence of a magnetic field and then sintered at 1573 K in an electric furnace. The samples were polished with a #2000 abrasive paper, and the degree of the crystal alignment was examined by X-ray diffraction (XRD) studies.
Evaluation of the Crystal Alignment
A micrograph of the sample is shown in Fig. 3 . The samples that we prepared were about 12 mm in diameter and 2 mm thick. The X-ray diffraction patterns of the samples are χ c < χ a stable Fig. 2 Magnetically stable condition for a hexagonal crystal with magnetic susceptibility of c < a. Fig. 4 . For the sample formed in the absence of a magnetic field, the intensity of each peak shown in Fig. 4(a) is similar to that of ICDD. This means that crystals near the surface of the sample are randomly oriented. For the sample formed with a vertical magnetic field, as shown in Fig. 4(b) , the peaks corresponding to planes perpendicular to the cplane, such as (210), (300), and (310), were intensified compared with those of the sample prepared without the magnetic field. The surface of the sample prepared in the presence of the magnetic field is therefore composed of aplane-aligned crystals. Figure 4 (c) shows the XRD results for the sample formed by rotating the vessel in a magnetic field during the slip casting. Diffraction intensities corresponding to the c-plane, such as (002) and (004), increased, whereas those of (300) and (310), which are perpendicular to the cplane, decreased. This confirmed that this was a c-planealigned sample.
In Vitro Experiment
The samples were immersed in conventional simulated body fluid (c-SBF) for 259,200 s (72 h) at 310 AE 0:1 K. The ion concentrations of the c-SBF, as shown in Table 3 , are nearly equal to those in human plasma. 12) Precipitated material on the sample surface was identified by glancingangle X-ray diffraction analysis (GAXRD, RIGAKU, FR-E Super Bright). The surface morphology of the samples before and after the immersion in the c-SBF was examined by scanning electron microscopy (SEM). The results of the GAXRD analysis after immersion for 72 h were integrated with respect to from 0 to 360 to identify the precipitated materials. The calculated data are shown in Fig. 5 . Only peaks corresponding to hydroxyapatite were observed for all the samples. Therefore, the precipitated material on the samples was hydroxyapatite.
The SEM images of the samples before and after immersion in the c-SBF are shown in Fig. 6 . Figure 6(a) shows the surface of the nonaligned sample. No precipitate was observed on the surface of the sample after immersion for 6 h. After immersion for 12 h, a porous (cancellous) precipitated layer was observed on part of the surface. The size and shape of this cancellous layer corresponded well to those of hydroxyapatite grains in the sample, as shown in the picture of the chemically etched surface in Fig. 6 .
The surface morphology of the a-plane-aligned sample is shown in Fig. 6(b) . No layer of precipitate was observed after the immersion for 6 h. Some precipitated hydroxyapatite was observed after immersion for 12 h, and a layer of precipitate was clearly observed on part of the surface after immersion for 24 h. Figure 6 (c) shows the surface morphology of the c-planealigned sample. A cancellous layer of precipitate was formed on part of the surface after immersion for 6 h. After 12 h, the whole surface was covered by precipitated hydroxyapatite. The surface morphology of the sample after immersion for 24 h was almost the same with that after immersion for 12 h. From these results, we can say that hydroxyapatite precipitates preferentially on the c-plane of hydroxyapatite during the early stages of immersion in a c-SBF solution. Figure 7 shows SEM images of the cross sections of the samples, and Figure 8 shows the variation with time of the thickness of the layers of precipitate, as measured from Fig. 7 . In the case of the surface of the nonaligned sample, the thickness of the precipitate layer increased with increasing immersion time under the experimental conditions. For the a-plane aligned sample, the thickness of the precipitate layer could not be measured until the sample had been immersed for 24 h, although precipitate could be observed in Fig. 6 . That is, the precipitate layer was very thin. The thickness of the precipitate layer increased linearly with time after 24 h of immersion. The thickness of the precipitate layer on the c-plane-aligned sample, on the other hand, increased markedly within 24 h to more than 1 mm and then became saturated. These results suggest that the rate of precipitation on hydroxyapatite ceramics immersed in c-SBF depends on the crystal plane of the substrate, especially within the first 24 h, and the rate of precipitation on the c-plane of hydroxyapatite is faster than that on its a-plane.
Conclusion
We produced hydroxyapatite samples with specific crystal planes by using a magnetic field and we clarified the difference between specific crystal planes of hydroxyapatite in terms of their bioactivity.
The main conclusions that we reached are as follows. Hydroxyapatite precipitates on all crystal planes of a sample of hydroxyapatite immersed in c-SBF. The rate of precipitation on the c-plane of hydroxyapatite is faster than that on its a-plane.
